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PREFACE
The research presented here was conducted by personnel of the Biological Acoustics Branch and Bi.dynamic Effects Branch, Biodynamics and Bioengineering Division, Air Force Aeospace Medical Research Laboratory, WrightPatterson Air Force Base, Ohio, under work unit 72310914 "Human Capabilities in Acoustic and Vibration Environments." Instrumentation and operation of the vibration machine; and production, analysis, and calibration, of the vibration stimuli were accomplished by personnel of the University of Dayton Research Institute, under Contract F33615-79-0509.
Performance decrements related to mechanical force environments may be classified into two primary categoriesthose produced directly, by interference with an essential sensory or motor aspect of the task, and those produced indirectly, by a generalized stress effect that in some way affects central nervous system processes. Vibration induced relative movement between the hand and a control, or masking speech by noise axe examples of direct interference effects; while degradation of intellectual or cognitive functions, like problem solving or mental arithmetic, are examples of generalized stress effects. Since it is unlikely that mechanical force environments directly affect central nervous processes (in the same sense that they affect sensory and motor functions), one must hypothesize some sort of intervening mechanism; for example a greater than optimum arousal level, a reduction in available information processing capacity, or a reduction in motivation.
Studies indicating whole-body vibration effects on cognitive performance are relatively few. Tasks involving simple cognitive functions, such as pattern recognition or monitoring of dials or warning lights, are essentially unaffected by vibration (see Shoenberger (1972) for a review). However, a few experiments using more demanding "intellectual" tasks have shown significant vibration effects. Huddleston (1964) used a "rolling arithmetic" task, combining mental addition and recent memory, and found that performance on this task was significantly slower for 0.5 G z (peak) sinusoidal vibration at 4.8, 6.7, 9.5 and 16 Hz than for a static control condition. A subsequent experiment with this task (Huddleston, 1965 ), using the same acceleration level at 4.8 and 6.7 Hz, provided confirmation of these results. A mental arithmetic task was also used by Harris and Sommer (1971) in a study of the combined effects of noise and vibration. Their task involved short-term memory and mental subtraction and was performed during exposure to broadband noise (80,90, 100 and 110 dBA), both with and without 5 Hz vibration at 0.25 G z (peak). Noise alone and vibration plus 80 or 90 dBA noise did not affect performance; however, vibration combined with 100 or 110 dBA noise significantly reduced the number of correctly solved problems.
Investigations of the combined effects of noise and vibration have also shown that noise, depending on its intensity, can either increase or decrease the effects of vibration on tracking performance. When noise levels of 100 to 105 dBA were combined with vibration, tracking error was less than with vibration acting alone (Grether et al., 1971 , Grether. et al., 1972 Sommer and Harris, 1973) . However, when a noise level of 110 dBA was used, the interaction was reversed and tracking error increased when the noise was added to the vibration (Harris and Shoenberger, 1970; Harris and Sommer, 1973) . Since noise effects on tracking performance are probably caused by interference with central processes, these interactions suggest that some of the effect of vibration on tracking is related to cognitive factors.
The effect of duration of exposure is another topic that has been relatively neglected in vibration research. In the performance area there is little evidence that decrements related to vibration duration are any different from timedependent changes during static conditions (Maslen, 1972; Shoenberger, 1972) . Very few studies have been conducted with exposure duration as a primary variable, and those (Gray et al; 1976; Holland, 1967; Hornick and Lefritz, 1966) have not included measures of complex cc'nitive performance. Since time-dependent effects should logically be related to the central pi-ocessing mechanisms mentioned above, cognitive tasks should be more likely to show decrements as a function of vibration duration.
In a recent study of the effects of noise and vibration (Harris and Shoenberger, 1980 ) performance was measured for 30 min on a Complex Counting Task (CCT), during expoiure to each of four experimental conditions. Two levels of noise, 65 dBA and 100 dBA, Wer&e4 ent~i both with and without a 0.36 R.M.S. G z complex waveform vibration, made up of five sinusoids4rom 2..6 to 16 Hz. The CCT pIroved to be sensitive to the effects of both noise and. vibration, showing a decrement in performance during vibration and during 100 dBA noise. However, vibration plus 100 dBA noise produced less decrement than either of these conditions alone. This subtractive interaction is like that found previously with tracking performance when vibration and 100 dBA noise were combined (Grether et al., 1971 ; Gretheret al.,1 972; Sommerand Harris, 1973) . This experiment (Harris and Shoenberger, 1980 ) also suggested that the CCT was sensitive to duration of vibration exposure. Scores for three 10-min trials were obtained during the 30-min testing period, and the vibration by trials interaction showed a greater decrement as a function of time when the
vibration was present Although this interaction did not reach the conventional 5% level of significance (p<.1O), the .trend of the data suggested that if testing had continued for a longer period of time a significant effect would have ; been produced. The present experiement was conducted to further explore this possibility by testing cognitive performance during exposure to a similar sum-of-sines vibration environment for a duration of 3 hours.
MATERIALS AND METHODS
Sixten .male Air Force military personnel served as subjects. They were physically qualified volunteer members of a vibration panel, and rzcived incentive pay for participation in vibration experiments.
TEST FACILITY
Vibration was produced by an Unholtz-Dickie electromagnetic vibrator (Model MA 250D). The subjects sat in an aluminum seat rigidly mounted to the moving element of the shaker. They were restrained lby a lap belt and shoulder harness. The seat pan was fitted with a 2.54-cm (1 in) temperfoam pad, to provide somewhat greater comfort during the 3-hour exposure. Previous research (Allen et aL, 1973) has shbwn that a similar pad had a negligible effect on vibration transmission to the subject over the frequency range from 2-10 Hz. An evaluation of the pad used in the Unholtz-Dickie seat showed that, for the frequencies used in this experiment, vibration-table to shoulder transmissibilities for each of the frequencies individually and for all five combined were essentially identical with and : without the pad. During each vibration run the intensity of the vibration was monitored continuously from an accelerometer attached to the vibration taLle. The accelerometer signals were amplified and fed to a strip chart recorder and a true R.M.S. meter.
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TASKS
The Complex Counting Task (CCT) was again used to measure cognitive performance. On the subject's console (figure 1) there wee. three small lights mounted on a vertical panel, and three buttons on a horizontal panel. Each of Our previous experience with the COT (Harris and Shoenberger, 1980) indicated that the subjects felt that performing this task continously for 30 min was very difficult and demanded unusual effort nd concentration. Therefore, it seemed unreasonable to require the subjects to perform the CCT continuously during 3-hourztesting sessions We decided to administer theCCT during the last 15 minofeachhourof testingandtofil theremaining45
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min with some les demanding activity. There are anecdotal reports that, even when one can see the letters without difficulty, reading while traveling seems to require an increase in effort, compared to a static environment so that at some point the effort becomes too great and one just stops reading. Thus, a reading task might also show duration effects during vibration. Simply allowing the subjects to read or not, as they desired, and observing the effects of vibration was felt to be too uncontrolled and very susceptible to variability from extraneous factors. Therefore, the subjects were required to read during the first 45 rain of each hour, to see if the amount read was affected by vibration. A high-school senior level, programmed English text (Blumenthal, 1972) was chosen as the reading material, with the expectation that the subjects' ealier training and experience with English would minimize individual differences and learning effects. The programnmed book format facilitated measurement of the amount read during each 45-in period. Each subject was instructed to work at his own pacae i number of frames read was recorded at the end of each period. At the start of the next period, the subject began reading at the frame he reached in the ef reeding period.
VIBRATION CONDITONS Vibrati n was in the vertical direction (z-axis) and was continuous throughout each of the two 3-hour test sirons
The waveform was quasi-random and was produced by combining five sinusoidal frequencieso le, 4.1, 6.3,10 and 16Hz. These are approximately he p as te requencies of every other third-octave band from 2.5 to 16 Hz However, slight departures om two nter frequencies weremade to avoid harmonic relationships between frequencies. For one test sessionto the intenity of each frequency was setpat the ISO 4-hour Fatigue-Decras ed Proficiency Level (Irhterpatinal Organization forStardardization, 1978) . This poduced an overall acceleration level of 0. 164 .M.S. z. When this vibration input was evaluated by the ISO weighting method (IOS, 1978) it yield, a value(0.21 .n S. Gzw) slitiylessthan the 3-hourExposure Limit(0.128 r M.S.Gzw). For the other test ess the intensity of each frequency was-set at the ISO 8-hour Reduced Comfort Boundary, which produced an ov( acceleration level of 003R.M.S. G z . Evaluation of this input by the weighting method gave a value (0.022 R.M.S. Gzw) approximately equal to the 3-hour Reduced Comfort Boundary (0.020 PM.S. Gzw. 
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PROCEDURE
The experiment was carried out during four sessions -two training sessions and two formal testing sessions. In the first training session each subject had two 15-min periods of practice on the CCT, without vibration. During the second practice session each subject again had two 15-min periods of practice on the CCT, the first without vibration and the second with vibration at the high level. Also included in the second practice session was a brief indoctrination on the reading task. i
During each of the two formal test sessions the subjects received a static 5-min warmup trial on the CCT and then were exposed to 3 hours of continuous vibration. In one session the intensity of vibration was set at the high level (0.164 R.M.S. Gz), and in the other session it was set at the low level (0.03 R.M.S. Gz). This very low-intensity vibration was used as a "control" condition, rather than a complete absence of vibration, in an attempt to minimize motivational differences between performing the tasks during a 3-hour exposure to a stressful environment and perforwing them for 3 hours in a completely static environment Half of the subjects received the two vibration levels in
the order high-low, and the other half in the order low-high. In both test sessions, the subjects were required to read the programmed English text during the first 45 min of each hour, and to perform the CCT duringthe last 15.min of each hour. Subjects were informed of their scores on the CCT at the end of the 5-min warmup trial and at the end of the 3-hour test session.
RESULTS AND DISCUSSION
For each of the two vibration levels, performance scores were tabulated for each subject for the first 45 min of each hour for the reading task, and for the last 15 min of each hour for the CCT. The score for the reading task was the number of frames of the programmed English text read during each 45-min period, and the score for the CCT was the percentage of correct responses during e_,.i 15-min period. Table I presents the mean number of frames (averaged across subjects) completed on the reading task during each experimental condition, and table 2 gives the mean percent correct on the CCT for each experimental condition. Each of the two sets of data was evaluated for significant.effects, using an analysis of variance (ANOVA) for repeated measurements. The variables included in each analysis were subjects (S), vibration levels (V), and hours (H). Results of the ANOVA for the reading data are giv en in table 3. The ANOVA showed that the main effect of hours'W as significant beyond the .005 level This effect is presented graphically in figure 2 (and is asogiven in the bottorr row of Table 1 ). The number of frames read during the first 45 rain of each hour increased during the 3-hour testing session, especially from the second to the third hour. This result indicates that, despite the familiarity of the subjects with the English language, some learning took place during the 3 hours of testin& Figure 2 o Mean number of frames read on reading task during each hour. 6 160
Since the purpose of the experiment was to look for possible effects related to the duration of the vibration exposure, the V x H interaction is of greatest interest. This interaction is depicted in figure 3 and shows that performance on the reading task was virtually identical for the two vibration intensities during the first hour, but differed considerably during the last 2 hours. For low-level vibration the mean number of frames read increased steadily over the 3-hour testing period, but for high-level vibration the number of frames read decreased during the second hour and then 
HOURS
increased during the third hour. In view of the importance of the V x H interaction, and the fact that it reached the 20% level of confidence in the overall ANOVA, the simple effects of hours were analyzed at each vibration intensity. The analyses showed that the effect of hours was significant only for the low-level vibration condition (F2, 30 5.49, p<.001). These results indicate that during low-level vibration the subjects wereable to continue learning and increase their reading rate throughout the 3-hour test session, and that high-level vibration interfered with this effect and resulted in poor-reading performance. Thus, the major effect of the high-level vibration was to slow down the rate of learning. This interpretation is reinforced by t-tests of the differences between the two vibration levels during each hour. Of course there was no difference during the first hour, but significantly more frames were read under the low-level vibration during both the second (p<.1O) and third (p<.05) hours. Table 4 presents the results of the ANOVA for the CCT data. The analysis demonstrated that the only effect that approached conventional levels of significance was the main effect of hours (p<.20) . This effect is shown in figure 4 and in the bottom row of table 2, which indicate that the mean percent correct on the CCT during the last 15 min of each hour increased slightly (less than 3%) over the 3 hours of testing. Figure 4 . Mean percent correct on complex counting task during each hour.
The ANOVA (table 4) showed that the V x H interaction for the CCT was not significant, and it is evident from figure 5 that only minor differences in performance on the CCT were produced by the interaction of vibration level and hours. Additional tests to further evaluate the V x H interaction, parallel to those performed on the reading data, did not reveal any significant differences. Our previous study (Harris and Shoenberger, 1980) suggested that an exposure longer than 30 min would show a significant time effect on the CCT; however, the results of the present experiment failed to support this suggestion. Although the total vibration exposure was for 2, hours and performance on the CCT was a tested for a total of 45 min, each block of testing lasted for only 15 min and followed 45-min of performance on the reading task. Evidently this experimental paradigm made the CCT less demanding( and possibly less sensitive to the vibration). A comparison of the overall level of performance on the CCT in this experiment with that in the previous study gives some support to this contention. When averaged across all experimental conditions the mean pet cent correct in this study was 90.6 (a very high level of performance for this task), while in the previous experiment it was 82.7, a difference of almost 8 percent. in addition, most of the subjects felt that reading the programm:ied English text was rather boring. and were actually looking forward to performing on the CCT since it gave them a break from the reading task.
Although this experiment did not confirm a duration effect of vibration on the CCT, the results with the reading task provide evidence of such an effect. TheV x H interaction in figure3 and table I does not show an absolute decrement as a function of 6ime, but shows a rela-ive decrement in the number of frames read for the high-level vibiatior, condition that is definitely time dependent. The tests for the simple effects of hours and the increasing difference in amount read at the two vibration levels from the first to the third hour both indicate a time dependent effect.
CCT waz something of a novelty, because it was only required for 15 min of each hour, and at that time it also provided] a welcome relief from the reading task. A better approach might have been to measure performance continuously on the same task. However, prolonged testing on a single as boredori, loss-of motivation, and task-related fatigue, which may reduce the reliability of the task and its sensitivity to the c ects of a stressor. Unfortunately, the ideal experimental paradigm for investigating time-related effects probnbi)v does not exist.
